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BACKGROUND & AIMS: Little is known about the mechanisms
of gastric carcinogenesis, partly because it has been a challenge
to identify characterize gastric stem cells. Runx genes regulate
development and their products are transcription factors
associated with cancer development. A Runx1 enhancer
element, eR1, is a marker of hematopoietic stem cells. We
studied expression from eR1 in the stomach and the roles of
gastric stem cells in gastric carcinogenesis in transgenic mice.
METHODS: We used in situ hybridization and immunoﬂuo-
rescence analyses to study expression of Runx1 in gastric tis-
sues from C57BL/6 (control) mice. We then created mice that
expressed enhanced green ﬂuorescent protein (EGFP) or
CreERT2 under the control of eR1 (eR1-CreERT2;Rosa-Lox-
Stop-Lox [LSL]-tdTomato, eR1-CreERT2;Rosa-LSL-EYFP mice).
Gastric tissues were collected and lineage-tracing experiments
were performed. Gastric organoids were cultured from
eR1-CreERT2(5-2);Rosa-LSL-tdTomato mice and immunoﬂuo-
rescence analyses were performed. We investigated the effects
of expressing oncogenic mutations in stem cells under control
of eR1 using eR1-CreERT2;LSL-KrasG12D/þ mice; gastric
tissues were collected and analyzed by histology and immu-
noﬂuorescence. RESULTS: Most proliferation occurred in the
isthmus; 86% of proliferating cells were RUNX1-positive and
76% were MUC5AC-positive. In eR1-EGFP mice, EGFP signals
were detected mainly in the upper part of the gastric unit, and
83% of EGFP-positive cells were located in the isthmus/pit
region. We found that eR1 marked undifferentiated stem cells
in the isthmus and a smaller number of terminally differenti-
ated chief cells at the base. eR1 also marked cells in the pyloric
gland in the antrum. Lineage-tracing experiments demon-
strated that stem cells in the isthmus and antrum continuously
gave rise to mature cells to maintain the gastric unit.
eR1-positive cells in the isthmus and pyloric gland generated
organoid cultures in vitro. In eR1-CreERT2;LSL-Kras G12D/þ
mice, MUC5AC-positive cells rapidly differentiated from
stem cells in the isthmus, resulting in distinct metaplastic
lesions similar to that observed in human gastric atrophy.
CONCLUSIONS: Using lineage-tracing experiments in mice, wefound that a Runx1 enhancer element, eR1, promotes its
expression in the isthmus stem cells of stomach corpus as well
as pyloric gland in the antrum. We were able to use eR1 to
express oncogenic mutations in gastric stem cells, proving a
new model for studies of gastric carcinogenesis.Keywords: Stomach Cancer; Mouse Model; Cancer Stem Cell;
Oncogene.
nderstanding the cells of origin in cancer is impor-Utant for the development of effective strategies to
detect, prevent, and treat cancer. Tissue stem cells are
generally studied as candidate cells from which cancer
originates. Adult stem cells with a minimal differentiation
phenotype1 and fully differentiated cells that have acquired
the capacity to replicate and differentiate have been
described.2–4 Furthermore, recent developments in stem
cell research revealed multiple types of stem cells identiﬁed
by different markers in the same tissues.5–7
Gastric cancer is the second most frequent cause of
cancer death in the world.8 However, until recently, mo-
lecular understanding of gastric carcinogenesis has been
hampered by the paucity of studies concerning stem cells in
the stomach epithelium. Anatomically, the stomach is
roughly divided into the distal part (antrum) and the main
body (corpus).9 In the antrum, the upper three-quarters of
the pyloric gland contain Muc5ac-producing cells, while the
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cells. By contrast, the gastric unit in the corpus contains
Muc5ac-producing surface epithelial cells (pit cells). These
cells are rapidly turned over and their half-life is about 3
days. Below this is a small region called the isthmus, where
corpus stem cells are presumed to be present based on
radiolabeling and morphologic studies using electron
microscopy. Below the isthmus there is a neck region where
GS-IIþ mucous neck cells and acid-producing parietal cells
are located. Pepsinogen Cproducing zymogenic cells,
called chief cells, are present at the base.10 The half-life of
parietal cells and chief cells is several months (see diagram
in Supplementary Figure 1A).9,11
Runx genes are developmental regulators and their
products function as transcription factors and are often
involved in cancer. There are 3 Runx genes in mammals,
namely, Runx1, Runx2, and Runx3.12 Runx1 is a key regu-
lator of hematopoiesis, is required for the generation of
hematopoietic stem cells from endothelial cells,13 and is also
critical for the maintenance of hematopoietic stem cells.14,15
Anomaly of RUNX1 is widely involved in leukemia.16 The
noncoding region between the P1 and P2 promoters
of Runx1 is considered to be composed of multiple
cis-regulatory elements in a mosaic fashion. One such
element (approximately 270 bp) was identiﬁed as an
enhancer of Runx1 expression in hematopoietic stem cells
and termed the þ24 mouse conserved noncoding element
(referred to as Runx1 enhancer element [eR1] in this
study).17,18 More recently, Runx1 was also demonstrated to
have stem cell functions in skin.19 The many recent reports
regarding Runx1 expression in epithelial cells of several
organs20–23 prompted us to study Runx1 expression and
eR1 activity in various tissues, and we found that eR1
marked tissue stem cells of the stomach corpus and antrum.Materials and Methods
Detailed Materials and Methods are described in
Supplementary Materials.Mice and Treatment
Transgenic mice expressing eR1-enhanced green ﬂuores-
cent protein (EGFP) were described previously.17 Transgenic
mice expressing eR1 and tamoxifen-inducible CreERT2 were
generated using the eR1 sequence, the mouse heat-shock
protein 68 basal promoter sequence, and the CreERT2 trans-
gene following a strategy similar to that described previously.17
The generation and details of other mice are described in the
Supplementary Material. All animals were handled in strict
accordance with good animal practice as deﬁned by the Insti-
tution of Animal Care and Use Committee. All animal work was
approved by the Institution of Animal Care and Use Committee
and the Ofﬁce of Safety, Health, and Environment at the
National University of Singapore.
To induce gene expression, 3- and 6-week-old, eR1-
CreERT2;Rosa-Lox-Stop-Lox (LSL)-tdTomato (Rosa-tdTomato),
eR1-CreERT2;Rosa-LSL-enhanced yellow ﬂuorescent protein
(EYFP) (Rosa-EYFP), eR1-CreERT2:LSL-K-rasG12D/þ, and eR1-
CreERT2:Rosa-tdTomato:LSL-K-rasG12D/þ mice were injectedwith 2, 4, or 6 mg tamoxifen. Mice were analyzed 1 day, 1 week,
3 months, 6 months, and 1 year after treatment. LSL-K-rasG12D
will be refer to as K-rasG12D in this article.Results
Runx1 Expression in Mouse
Stomach Epithelial Cells
In situ hybridization with a Runx1 anti-sense probe
detected Runx1 messenger RNA expression in the upper and
lower parts of the corpus gastric unit (Figure 1A). Immuno-
ﬂuorescence staining using an anti-Runx1 antibody showed
that Runx1 was expressed in E-cadherinþ epithelial cells in
the upper part of the mouse stomach corpus (Figure 1B), and
was more infrequently expressed at the base (Figure 1C, the
histologic locations of various parts of the stomach are
illustrated in Supplementary Figure 1A). CD45þ immune cells
expressed higher levels of Runx1 than epithelial cells
(Figure 1B, arrows). The expression level of Runx1 protein
relative to that of Runx1messenger RNA is much lower in the
lower part of the epithelium. This may be due to the differ-
ence in translation rate of Runx1 protein in the lower part of
the epithelium. The differential expression of mRNA and
protein was also described for Trefoil factor 2.24
The majority of Ki67 labeling was located in the isthmus,
and 86% co-localized with Runx1þ cells (Supplementary
Figure 1B and G). Subfractions of Muc5acþ cells
(Figure 1D) and GS-IIþ neck cells (Figure 1E) were Runx1þ.
In total, 76% of Ki67þ cells expressed Muc5ac
(Supplementary Figure 1C and G), 14% of Ki67þ cells were
GS-IIþ (Supplementary Figure 1D and G), and 3.5% of Ki67þ
cells expressed HK-ATPase (Supplementary Figure 1E and
G). Some Ki67þ cells at the base were also positive for
pepsinogen C, but these constituted only 0.58% of the total
Ki67þ cell population (Supplementary Figure 1F and G).
In addition to the corpus, Runx1 was also expressed in
epithelial cells at and near the bottom of the pyloric gland
(Supplementary Figure 1H). Well-characterized stem cell
marker Lgr5 was expressed at the bottom (Supplementary
Figure 1I).23
Identiﬁcation of eR1-Enhanced Green
Fluorescent Proteinþ Cells in the Corpus
A pilot investigation suggested that eR1 activity is also
detected in stomach corpus epithelial cells. We examined
EGFPþ cells in the corpus epithelium of transgenic mice
harboring eR1-EGFP (see experimental design in Figure 2A).
EGFP signals were mainly detected in the upper part of the
gastric unit (Figure 2B), and EGFPþ cells also expressed
E-cadherin (Figure 2C and D). EGFPþ cells were found in
43% of gastric units and negative ones in 57%
(Supplementary Figure 2A). In accordance with a previous
report, eR1-EGFP signals were not detected in CD45þ
differentiated blood cells (Supplementary Figure 2B), and
some signals were observed in the stroma and muscle layer
of the corpus (Figure 2B).17 In total, 83%, 7%, and 10% of
EGFPþ cells were located in the isthmus/pit region, neck,
and base, respectively (Supplementary Figure 2C).
Figure 1. Runx1 expression in mouse corpus epithelial cells. (A) In situ hybridization of the corpus of wild-type (WT) mice using
an anti-sense probe (blue) detected Runx1 in the upper (top) and lower (bottom) regions of the gastric epithelium. A sense
probe was used as the negative control (right). (BC) Immunoﬂuorescent (IF) staining of the stomach corpus of WT mouse.
Runx1 is co-expressed with E-cadherin (B). Runx1 also co-expressed with CD45 (B, arrow). Runx1 and E-cadherin were
co-expressed in the bottom part of gastric epithelium (C, arrowhead). (D, E) IF staining of Runx1 and Muc5ac or Runx1 and
GS-II in the corpus of WT mouse. Runx1þ/Muc5acþ and Runx1þ/Muc5ac- cells reside in upper part of gastric units (D). A part
of Runx1 signals overlapped with GS-II (E). Scale bar ¼ 100 mm.
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isthmus (Figure 2C, Supplementary Figure 2DF). EGFP
signals also co-localized with a portion of Runx1þ cells in
the isthmus (Supplementary Figure 2G, arrows), and some
EGFPþ cells expressed low levels of Runx1 (Supplementary
Figure 2G, arrowhead).
To assess whether eR1þ cells are involved in tissue
regeneration, we treated mice with tamoxifen (6 mg/
mouse), which induces damage in parietal cells, although
the tissue rapidly recovered.25 One week after tamoxifen
treatment, E-cadherinþ gastric units were mildly disorga-
nized and the number of parietal cells was lower than in
untreated tissue (Supplementary Figure 3A). The number of
EGFPþ cells per gastric unit was higher in tamoxifen-treated
tissue than in untreated tissue (Supplementary
Figure 3BE). In untreated tissue, 93.3% and 6.7% of
EGFPþ gastric units contained 12 and 3 EGFPþ cells,
respectively. In tamoxifen-treated tissue at 3 days post-
treatment, 56.6%, 32.1%, and 11.3% of EGFPþ gastric
units contained 12, 34, and >4 EGFPþ cells, respectively.
In addition, in tamoxifen-treated tissue at 7 days post-
treatment, 58.1%, 20.9%, and 20.9% of EGFPþ gastric
units contained 12, 34, and >4 EGFPþ cells, respectively
(Supplementary Figure 3F). These results suggest that eR1þ
cells play a signiﬁcant role in tissue regeneration and
possess stem cell properties.Lineage Tracing in the Corpus
Gastric Unit Using eR1 Activity
We generated more than 10 transgenic (TG) mouse lines
harboring eR1-CreERT2 and studied 2 of them, TG(5-2)
(higher copy number) and TG(3-17) (lower copy number).
Although the former had higher Cre recombinase activity
than the latter, the results obtained using these lines were
qualitatively indistinguishable.
To assess the stem cell properties of eR1þ cells, we
performed lineage-tracing experiments. We activated
CreERT2 using tamoxifen in TG mice carrying eR1-
CreERT2(5-2);Rosa-tdTomato to label eR1þ cells and their
progeny with tdTomato and observed them at 1 day, 3
months, 6 months, and 1 year after tamoxifen treatment
(see Supplementary Figure 4A for experimental design). One
day after 6-week-old mice were injected with tamoxifen,
tdTomatoþ cells were detected in the isthmus, where eR1-
EGFP was detected (Figures 2E and 3A, left panel). The
number of tdTomatoþ cells increased with time, as the
period after tamoxifen injection increased (Figure 3A). One
year after tamoxifen injection, more gastric units were
entirely labeled by the ﬂuorescent protein, and these signals
colocalized with staining with anti-pepsinogen C, anti
HK-ATPase, and anti-Muc5ac antibodies and GS-II lectin
(Figure 3BE). Fluorescent labeling of gastric units was
maintained for at least 1 year (Figure 3A), which suggests
Figure 2. Distribution of eR1-EGFPþ cells in the gastric corpus epithelium. (A) Schematic model of the eR1-EGFP transgene.
The Runx1-coding region is located on chromosome 21 and endogenous-eR1 is located between P1 and P2 promoters. The
eR1-mHSP68-EGFP transgene was inserted into a chromosome (termed Chr. A), and its activity (EGFP expression) was
indicative of eR1 activity. (B) Immunoﬂuorescent (IF) staining of EGFP (eR1-EGFP), E-cadherin, and GS-II in the corpus of
eR1-EGFP mouse. (C) IF staining of EGFP (eR1-EGFP), Ki67, and E-cadherin in the corpus of eR1-EGFP mouse. EGFPþ
epithelial cells were observed in the Ki67þ region (isthmus). Panels (a) show co-localization of EGFP and Ki67 labeling (arrows),
whereas panel (b) shows GFP labeling with no Ki67 labeling (arrowhead). (D) IF staining of EGFP (eR1-EGFP) and E-cadherin in
the corpus of eR1-EGFP mouse. EGFPþ epithelial cells were also observed in the bottom of gastric units (arrow). (E, F)
The tdTomato expression in corpus epithelium from eR1-CreERT2(52):Rosa-tdTomato mice with 1 day (1d) post 4 mg
tamoxifen injection (p.i.). Expression of tdTomato was observed in upper part (E) and lower part (F) of gastric epithelium.
Scale bar ¼ 100 mm.
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regenerating corpus gastric units during this time. There-
fore, we conclude that the activity of eR1 marks stem cells in
the corpus and designated these cells as stem cells at the
isthmus (SC-ist).
As described, about 10% of eR1þ cells were detected at
the base, which express pepsinogen C (SupplementaryFigure 2H). Similarly, tdTomato could also be detected in
chief cells in the lineage-tracing experiment at 1 day after
tamoxifen treatment (Figure 2F). eR1þ cells at the base
possessed a tissue regeneration capacity. At 3 and 7 days
after damage induction, increased number of EGFPþ cells
were detected at the base of the gastric unit in eR1-EGFP
mice (Supplementary Figure 3D and E). At 1 year
Figure 3. Continuous differentiation of eR1þ cells in corpus epithelium. (A) tdTomato expression in corpus epithelium from
eR1-CreERT2(5-2);Rosa-tdTomato mice with 1 day (1d), 3 month (3m), 6 month (6m), and 1 year (1y) post 4 mg tamoxifen
injection. Left panel in (B) (1d p.i.) is adapted from Figure 2H. (BE) Immunoﬂuorescent (IF) staining of Pepsinogen C, GS-II,
HK-ATPase, and Muc5ac in the corpus of eR1-CreERT2(5-2);Rosa-tdTomato mice with 1 year post tamoxifen injection. The
tdTomato signals were overlapped with Pepsinogen Cþ (B), GS-IIþ (C), HK-ATPaseþ (D), and Muc5acþ (E) expressing regions.
(F) IF staining of Pepsinogen C in the corpus of eR1-CreERT2(5-2);Rosa-tdTomato mouse with 1 year post tamoxifen injection.
The tdTomato signals were overlapped with Pepsinogen C (left panel), GS-II (middle panel), and HK-ATPase (right panel, arrow)
expression. Scale bar ¼ 100 mm.
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ribbon-like signals were observed in pepsinogen Cþ cells
(Figure 3F, left). Similarly, we observed lineage tracings
apparently originated from eR1þ cells in base, which
reached the GS-IIþ cells, parietal cells, and beyond
(Figure 3F, middle and right). These results suggest that
eR1þ cells at the base may have a capacity to proliferate. We
have tentatively designated eR1þ pepsinogen Cproducing
cells as stem cells at the base (SC-bs), although we do not
have deﬁnitive evidence that these lineage tracings origi-
nated from the base, not from isthmus.
To minimize toxicity of tamoxifen, we examined the ef-
fect of 2 mg, which is considered to be a nontoxic dose of
tamoxifen,25 to 6-week-old TG (5-2) mice. As shown in
Supplementary Figure 4B and C, the data obtained after 2
mg tamoxifen injection were qualitatively indistinguishable
from the data obtained after 4 mg tamoxifen injection
(Figure 3A).Generation of Organoid Culture From eR1þ Cells
We then isolated gastric units from eR1-
CreERT2(5-2);Rosa-tdTomato mice 1 day after tamoxifeninjection and digested them into single cells. Then, we
incubated them in vitro for organoid culture. The eR1þ/
tdTomatoþ cells generated tdTomatoþ organoids in the
culture medium with Wnt signaling pathway-dependent
WENR (Wnt3a, EGF, Noggin, R-spondin) (Figure 4A).26 We
also observed organoids generated from ﬂuorescence-
activated cell sorting isolated eR1þ/tdTomatoþ (eR1high)
cells, whereas organoids were rarely observed in eR1/
tdTomato- (eR1neg) cells (Figure 4B, Supplementary
Figure 5A). These results strongly suggest that only the
stem cells have the capability of generating organoids in
culture, as shown for intestinal stem cells.27 In addition to
the WENR culture condition, eR1þ/tdTomatoþ cells formed
tdTomatoþ organoids under Notch-signaling pathway-
dependent ENJ (EGF, Noggin, Jagged1) culture conditions
(Figure 4C).28 In total, 27 and 21 tdTomatoþ organoids were
generated from 500 cells under the WENR and ENJ culture
conditions, respectively (Supplementary Figure 5B). The
difference in the rate of successful organoid formation
between the 2 different culture conditions was statistically
insigniﬁcant (P ¼ .34) (Supplementary Figure 5B).
After incubation in vitro for 7 days, we examined
whether the stem cells that initiated the organoid
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expressed E-cadherin (Figure 4E), indicating that they were
epithelial cells. We observed that the stem cells differenti-
ated into at least 3 lineages, namely, neck cells, pit cells, and
chief cells (Figure 4D). Many cells in the organoid were
positive for Ki67 (Figure 4E). Runx1 expression was also
detected (Figure 4F). Some Runx1-expressing cells could be
stem cells, while some could be differentiated cells, such as
pit cells.BA
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and Antralization by
eR1-CreERT2activated K-rasG12D
We used the eR1-CreERT2 system to study stepwise
carcinogenesis in the stomach (see Supplementary
Figure 6A for the experimental approach). H&E staining of
tissue from eR1-CreERT2(3-17);K-rasG12D mice treated with
tamoxifen, showed U-shaped tube- or gland-like structures
that seemed to be growing toward the base (Figure 5A). The
results shown here were obtained using eR1-CreERT2
(317) strain to see morphologic feature of well-separated
U-shaped tube-like structure. E-cadherin staining clearly
showed that the abnormal gland-like structure was
composed of epithelial cells entirely (Figure 5B). P-Erk, a
downstream target of K-rasG12D, was detected in such cells,
suggesting that they express K-rasG12D (Figure 5B). The eR1-
CreERT2:K-rasG12D-induced gland-like structure was sur-
rounded by CD45þ immune cells (Figure 5B, Supplementary
Figure 6B and C).
Immunoﬂuorescence staining also showed that all of the
cells in the gland-like structure express Muc5ac and a
cluster of cells near the bottom of this structure express
Ki67 (Figure 5C). Ki67þ cells in normal epithelium clustered
around the isthmus. This indicates that K-rasG12D induces
robust differentiation of SC-ist mainly into Muc5acþ cells
such that Ki67þ cells in the structure moved toward the
base and were positioned closer to the base than to the
cluster of Ki67þ cells in normal epithelium (Figure 5C).
Foveolar hyperplasia is consistent with the reported ﬁnd-
ings of K19 promoter-driven oncogenic K-ras expression in
the stomach.29,30 The stem cells marked by eR1, therefore,
must be present near the bottom of the gland-like structure.
A notable feature of this gland-like structure is the presence
of isthmus often observed near the base (Figure 5B, arrows).
The cells are densely packed in this area, suggesting rapid
cell growth, and they show strong p-Erk staining (Figure 5B,
right bottom). Cells in the isthmus area also overlap with the
staining of Ki67 (Figure 5C, Supplementary Figure 6D) and
express high level of CD44 (Figure 5D). It appears that stem
cells at the original isthmus of the corpus identiﬁed by eR1
moved to the isthmus of newly formed gland-like structure
induced by K-rasG12D.
The upper two-thirds or three-quarters of the fully
elongated gland-like structure were Muc5acþ, the under-
lying region, including the base, was CD44þ, and the base
was also GS-IIþ (Figure 5E, left of left panel). Ki67þ cells
were located between Muc5acþ cells and GS-IIþ cells
(Figure 5E, left of middle panel). These labeling patternswere strikingly similar to those in the normal pyloric gland
(Figure 5E, right of left and middle panel), that is, the entire
pyloric gland-like structure was generated from SC-ist
upon K-rasG12D activation. It is worth noting that eR1þ
stem cells in the isthmus of corpus appear to be located in
the isthmus of newly formed pyloric glandlike structure
induced by K-rasG12D. It is known that isthmus of normal
pyloric gland is the place where rapidly growing stem cells
are located.31
An important function of the pyloric gland is to produce
gastrin.32 We found that the normal pyloric gland expressed
gastrin, whereas gastrin was undetectable in the
K-rasG12Dinduced pyloric glandlike structure
(Figure 5E). Alcian blue, an intestinal mucin marker, is
known to stain the base of the normal pyloric gland
(Supplementary Figure 6F, left), whereas it weakly stained
the pyloric glandlike structure (Supplementary Figure 6F,
right). Muc2, an intestinal mucin, was also detected in the
K-rasG12Dinduced structure, but the labeling was much
weaker than in the intestine (Supplementary Figure 6G).
However, we did not detect Cdx2, which is highly expressed
in intestine and drives Muc2 expression (Supplementary
Figure 6I). Cdx1 was also not detectable (Supplementary
Figure 6H). This indicates that K-rasG12D expression in
SC-ist does not fully induce the intestinal phenotype in the
stomach corpus within 3 months of observation period.
These results suggest that K-rasG12Dinduced metaplastic
lesions in the corpus recapitulated antralization, which is
often observed in human stomach chronically infected with
Helicobacter pylori (see Discussion).
When labeled with an antiHK-ATPase antibody, a few
parietal cells were detected within the gland-like structure
(Figures 5D). Parietal cells were not differentiated from SC-
ist after activation of K-rasG12D; therefore, parietal cells
found within the gland-like structure must be present
before K-rasG12D activation, presumably within the lower
part of the same gastric gland. Chief cells also appeared to
be incorporated into gland–like structure (Supplementary
Figure 6J). When this structure was fully elongated to the
base, parietal cells and chief cells were no longer detectable
within the gland-like structure (Figure 5F).
Chronic inﬂammation after H pylori infection induces
oxyntic atrophy. Gastric atrophy is considered to be pre-
cancerous.33,34 However, the mechanism by which parietal
cells are lost is not known. Because H pylori activates
Ras-Mapk pathway in infected cells,35 the phenomenon that
we observe in K-rasexpressed cells may represent the
process that occurs in H pyloriinfected stomach epithe-
lium. We showed above that K-rasG12D expression in SC-ist
attracts immune cells around the cells and immune sys-
tem might be affecting the fate of parietal cells. We observed
apoptosis of parietal cells that are present in the U-shaped
gland (Supplementary Figure 7A and B), but not necrosis of
the cells (Supplementary Figure 7C).36 Autophagy must be
explored further (Supplementary Figure 7E).37,38 Interest-
ingly, we observed that parietal cells appear to be expelled
from the glandlike structure (Supplementary Figure 7D).
These observations suggested that some parietal cells might
be eliminated by cell competition.39 It appears that multiple
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Runx1 functions in SC-ist. It is interesting to note that
differentiated pit cells also express Runx1, particularlystrongly at the bottom of growing U-shaped glands where
Ki67 and CD44 are also strongly expressed (Supplementary
Figure 7F and G). We are studying the function of Runx1
within the stem cells and the cells after differentiation.
=
Figure 4.Organoid formation from eR1þ cells. (A) Organoid generation from single eR1þ cells isolated from eR1-CreERT2
(5-2);Rosa-tdTomato mice at 1 day after injection of 2 mg of tamoxifen. Wnt3a, EGF, Noggin, and R-spondin (WENR) with
common growth factors (FGF and gastrin) were used for culture (WENR). In total, 13 tdTomatoþ cells were observed in
isolated gastric units (upper left panel). Single tdTomatoþ cells at day 0 (bottom left panel) developed into tdTomatoþ orga-
noids at day 7 (bottom right panel). (B) Organoid generation rate of ﬂuorescence-activated cell sortingisolated tdTomatoþ
(eR1high) cells and tdTomato- (eR1neg) cells from eR1-CreERT2(5-2);Rosa-tdTomato mice at 1 day after tamoxifen injection. (C)
Organoid formation from single eR1þ cells isolated from eR1-CreERT2(5-2);Rosa-tdTomato mice at 1 day after injection of 2
mg of tamoxifen. EGF, Noggin, and Jagged1 with common growth factors (FGF and gastrin) were used for culture (ENJ). (D)
Immunoﬂuorescent (IF) staining of parafﬁn section of organoids from eR1-CreERT2(5-2);Rosa-tdTomato mice. GS-II (upper
panel), Muc5ac (middle panel), Pepsinogen C (lower panel). (E, F) IF staining of parafﬁn section of organoids from wild-type
mouse. E-cadherin and Ki67 (E) and E-cadherin and Runx1 (F). Scale bar ¼ 100 mm.
Figure 5. Foveolar hyperplasia and antralization in oncogenic K-rasexpressing corpus tissue. (A) H&E staining of corpus
tissue sections from eR1-CreERT2(3-17);K-rasG12D (eR1-K-rasG12D) and wild-type (WT) mice. (B) Immunoﬂuorescent (IF)
staining of E-cadherin, p-Erk, and CD45 in the corpus of eR1-K-rasG12D mouse. The gland-like structures were surrounded by
CD45þ cells. CD45þ cells are more easily recognizable in Supplementary Figure 6B. Enlarged image of bottom part of the
lesions indicates isthmus shown by arrows (left panel). (C) IF staining of Ki67 and Muc5ac in the corpus of eR1-K-rasG12D
mouse. The dashed line shows a newly induced lesion. (D) CD44, HK-ATPase, and GS-II staining in the corpus of eR1-
K-rasG12D mouse. (E) IF staining for CD44, Muc5ac, GS-II, Ki67 and gastrin in the corpus of eR1-K-rasG12D (each panel of
left) and WT mice (each panel of right). (F) IF staining of HK-ATPase in the corpus of eR1-CreERT2(3-17);
K-rasG12D;Rosa-tdTomato mouse 2 months after tamoxifen injection. Scale bar ¼ 100 mm.
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eR1-CreERT2activated K-rasG12D in SC-bs
When K-rasG12D was expressed in SC-bs, abnormal
lesions formed at the bottom of the corpus epithelium
(referred to as bottom-type lesions) (Figure 6A). These le-
sions are distinct from the U-shaped gland-like structure
formed when K-rasG12 is expressed in SC-ist. Three exam-
ples of bottom-type lesions are shown (Figure 6BD).
These lesions were labeled with tdTomato, suggesting that
each of them was derived from probably single eR1þ cells
and underwent multiple cell divisions. They also expressed
pepsinogen C, suggesting that they originated from chiefFigure 6. Induction of metaplasia by expression of K-rasG12D
tamoxifen-treated eR1-CreERT2(3-17);K-rasG12D mouse. (BD)
the corpus of eR1-CreERT2(317);K-rasG12D;Rosa-tdTomato m
Pepsinogen C with CD44 or Ki67 in the corpus of eR1-CreERT
metaplastic lesions at the bottom of epithelium expressed Ki67cells. Most of these cells also reacted with GS-II, suggesting
that chief cells are undergoing retrodifferentiation into their
precursor mucous neck cells.40 In wild-type mice, GS-IIþ
cells are located in the central part of the gastric unit
and are mostly separated from chief cells (Figure 1E).
The phenomenon that chief cells express the mucous
neck cell marker GS-II is similar to that described for
spasmolytic polypeptide-expressing metaplasia, which is
considered to be a precancerous state.33,34,41 Importantly,
some cells in bottom-type lesions expressed Ki67, whereas
normal chief cells rarely do, suggesting that chief cells
acquired a proliferation capacity (Figure 6E). Bottom-typein eR1þ cells in the base. (A) H&E staining of the corpus of
Immunoﬂuorescent (IF) staining of Pepsinogen C and GS-II in
ouse at 2 months after tamoxifen injection. (E, F) IF staining of
2(3-17);KrasG12D;Rosa-tdTomato mice. A part of tdTomatoþ
(E) and CD44 (F). Scale bar ¼ 100 mm.
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to be a stem cell marker (Figure 6F). The lower parts
of these lesions were surrounded by CD45þ immune
cells (Supplementary Figure 6C), again suggesting that
K-rasG12D-expressing cells attract immune cells, which is
similar to observations made in previous studies.29,41
RUNX1 Expression and Pseudopyloric
Metaplasia in Human Stomach
Consistent with mouse studies, RUNX1 was expressed in
the isthmus, where stem cells reside in the human stomach
(Supplementary Figure 8A). In addition, RUNX1 was strongly
expressed at the bottom of human pyloric glands, which
gradually decreased toward the surface (Supplementary
Figure 8B). H pylori infection activates the K-rasmitogen-
activated protein kinases (MAPK) pathway.35 To assess the
clinical relevance of our mouse study to gastritis, we
examined the presence of pseudopyloric metaplasia in serial
tissue sections of the corpus of patients diagnosed with H
pyloriassociated gastritis (Supplementary Figure 8C and D).
Consistent with the healthy antrum, histologic analysis
of H&E staining did not detect parietal cells in the corpus of
gastritis tissue (Supplementary Figure 8C and D). Immuno-
histochemical staining detected MUC6, a mucous neck cell
marker, at the bottom of the gastritis corpus and in healthy
antrum (Supplementary Figure 8D). Furthermore, MUC5AC
was detected above the cluster of MUC6þ cells in healthy
antrum and the gastritis corpus, and these MUC5ACþ cells
occupied more than half of the glands (Supplementary
Figure 8D). However, unlike in healthy antrum, gastrin was
not detected in the gastritis corpus (Supplementary
Figure 8D). CDX2 was not detected in healthy antrum or
MUC6þ lesions of gastritis tissue (Supplementary Figure 8D).
Small CDX2þ lesions showed typical features of intestinal
metaplasia, as indicated by the presence of mucinous
vacuoles (Supplementary Figure 8D, arrow). These observa-
tions suggest that H pylori infection induced the formation
of pseudopyloric metaplasia in human corpus, and this
process is similar to the induction of pseudopyloric
metaplasia when stem cells expressed K-rasG12D in mouse
corpus.
eR1 Activities in the Pyloric Gland
We also detected eR1 activity in the pyloric gland in the
antrum (Figure 7A). eR1-EGFP marked a small number of
cells near the isthmus region, where Ki67 is highly expressed
(Figure 7A), and the position is signiﬁcantly higher than the
regionwhere Lgr5þ and CD44þ cells are located.23,24 In 1-day
post-tamoxifen injection of eR1-CreERT2;Rosa-EYFP mice,
eR1þ cells in the antrum did not seem to overlap with CD44
labeling (Figure 7B). Lineage-tracing experiments showed
that major cells in antrum were derived from eR1þ cells
612 months after tamoxifen injection (Figure 7C).
When we isolated pyloric glands from eR1-
CreERT2;Rosa-tdTomato mice 1 day post tamoxifen injec-
tion, we observed tdTomato near to but not at the bottom in
most cases (Figure 7D). This is consistent with the results
shown in Figure 7A and B. When we incubated these glandsin vitro, tdTomatoþ organoids developed (Figure 7E).
tdTomatoþ organoids were also developed from single-
eR1þ cells (Supplementary Figure 9A). These tdTomatoþ
organoids expressed Runx1 (Figure 7F). These results
indicate that eR1þ cells in the antrum possess stem cell
activity. There are multiple markers reported for stem cells
in the pyloric gland, namely, Lgr5,26 CCK2R,42 and Sox2,43
in addition to eR1 described here. Elucidation of the
properties of the cells identiﬁed by these markers would be
important to understand the basic properties of tissue stem
cells.Discussion
In this study, we identiﬁed stem cells as eR1þ cells in the
isthmus of corpus and pyloric gland in antrum. eR1 is a
270-bplong enhancer element, within which multiple
transcription factor-binding sites are present.17 These
transcription factors would cooperatively regulate eR1
activity to precisely target expression in tissue stem cells. As
the process of gastric carcinogenesis is still not fully
understood, results reported in this article provide a new
experimental approach for better understanding of gastric
cancer.
It is interesting to note that K-rasG12D expression in
SC-ist of corpus induces apparent conversion of corpus
gland to pyloric gland by eliminating parietal cells and chief
cells. This conversion is similar to the process of gastric
atrophy that is considered to be precancerous. Because H
pylori is known to activate MAPK pathway and activation of
K-ras induces MAPK,35 our study contributes to the under-
standing of the complex molecular mechanisms underlying
early-stage gastric carcinogenesis. Khurana et al44 demon-
strated that the parietal cell atrophy after H pylori infection
is characterized by induction of CD44 expression in the
isthmus, which then expands toward the base of the gastric
unit. Importantly, CD44 was shown to promote proliferation
of stomach epithelial cells upon H pylori infection in a
p-Erkdependent manner.45 Our observation corroborates
the ﬁndings of Khurana and others. Induction of metaplasia
after activation of oncogenic K-ras in stomach has also been
described.41,46
Expression of K-rasG12D in SC-ist induces robust differ-
entiation of pit (foveolar) cells but not differentiation of
chief cells and parietal cells. Similar foveolar hyperplasia
occurs in Menetrier disease, which is a hyperproliferative
disorder of the stomach induced by overexpression of
transforming growth factora, a ligand for EGF receptor.47
Furthermore, oxyntic atrophy with antral phenotype in
gastric epithelium is observed in Menetrier disease and its
mouse model.47,48 We also observed the disappearance of
parietal cells and chief cells and noted that the resultant
structure resembles the pyloric gland. This process is often
described as antralization and thus, the phenotype exhibited
by our mouse model is likely to be foveolar hyperplasia
accompanied by antralization.
Owing to the activation of the Ras-MAPK pathway in the
U-shaped structure in our study and presumably in the
Menetrier disease model, there is a possibility that we may
Figure 7. eR1þ cells regenerate pyloric glands in the antrum and generate organoids. (A) Immunoﬂuorescent (IF) staining of
EGFP (eR1-EGFP), Ki67 and E-cadherin in antrum of eR1-EGFP mouse. EGFPþ cells are detected in E-cadherinþ epithelial
cells in pyloric glands. EGFPþ cells are mainly located in Ki67þ region (arrow). Ki67-/EGFPþ cells can also be detected in upper
part of pyloric glands (pit). Scale bar ¼ 100 mm. (B) The EYFP expression in pyloric gland from eR1-CreERT2(5-2);Rosa-EYFP
mouse with 1 day post 2 mg tamoxifen injection. Scale bar ¼ 100 mm. (C) tdTomato expression in pyloric gland from eR1-
CreERT2(5-2):Rosa-tdTomato mice with 6 month (6m) (left panel) and 1 year (1y) (right panel) post 4 mg tamoxifen injection
(p.i.). Scale bar ¼ 100 mm. (D) Isolated eR1þ pyloric glands from eR1-CreERT2(5-2);Rosa-tdTom mice with 1 day post 2 mg
tamoxifen injection. Scale bar ¼ 100 mm. (E) Organoids generated from the pyloric glands cultured for 7 days in vitro. Scale
bar ¼ 500 mm. (F) Whole-mount IF staining of eR1þ cell-derived organoid. Runx1 and E-cadherin are coexpressed in
tdTomatoþ organoid. Scale bar ¼ 100 mm.
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ever, there are distinct differences between the 2 biological
systems. Unlike the Menetrier disease, our mouse model is
driven by the oncogenic form of K-ras that elicit constitu-
tively active growth-promoting signals. The second differ-
ence is that in our model, K-rasG12D is expressed in gastric
stem cells, the likely cell of origin of cancer. In contrast,
stimulation by transforming growth factora in Menetrier
disease is not conﬁned to stem cells. Furthermore, the as-
sociation of Menetrier disease with cancer is unclear,48
unlike the well-established tumorigenic effects of onco-
genic Ras. Our model system and that of the Menetrier
disease therefore appears to engage divergent molecular
mechanisms. Observing the long-term effects of K-rasG12D
expression in eR1þ stem cells is likely to resolve this issue
and identify the earliest switch to oncogenic growth.
While this study was in progress, Hayakawa et al28
reported that rare cells derived from Mist1-Creexpressing
cell could be found in the isthmus. They described such cells
as the origin of all epithelial lineages. Mist1 protein is known
to be abundantly present in the chief cells and Hayakawa et al
also showed it. Although several reports indicated that a
subfraction of chief cells has proliferating capacity,3,4,32 the
results described by Hayakawa et al argued against prolif-
eration of chief cells.28 Conversely, eR1þ cells are present in
a subfraction of chief cells (designated as SC-bs in this study);
the expression of K-rasG12D in pepsinogen-expressing SC-bs
induced multiple rounds of cell division and retro-
differentiation of chief cells. Coupled with the expression
of the proliferation marker Ki67 and CD44 in these eR1þ
cells, this phenotype is reminiscent of spasmolytic
polypeptide-expressing metaplasia.
There is another signiﬁcant difference in the property
between eR1þ and Mist1þ cells in isthmus. Only 0.2% of
Mist1þ cells in the isthmus were reported to express Ki67,
indicating quiescence.33 On the other hand, 80% of eR1þ
cells in the isthmus overlapped with Ki67 labeling,
suggesting that eR1þ cells are rapidly dividing.
In conclusion, our ﬁndings revealed another aspect of
the complex nature of tumor formation in the stomach. The
intriguing difference between our work and that of Hay-
akawa et al28 can be better understood by further in-depth
studies of stomach epithelial stem cells.Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j.gastro.2016.09.018.References
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Materials and Methods
Mice
B6.129X1t(Rosa)26Sortm1(EYFP)Cos/J (Rosa-EYFP) mice,
which harbor a loxP STOP sequence and enhanced yellow
ﬂuorescent protein (EYFP), B6.129S6-Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze/J (Rosa-tdTomato) mice, which harbor a loxP
STOP sequence and a CAG promoter-driven red ﬂuorescent
protein variant (tdTomato), and 129S/Sv-K-rastm4Tyj/J (K-
rasG12D) mice, which harbor K-ras with the G12D point mu-
tation, the expression of which is blocked by a loxp sequence,
were purchased from The Jackson Laboratory (Bar Harbor,
ME). Lgr5-GFP-IresCreERT2 (Lgr5-GFP-CreERT2) mice were
described previously.1 All mice were backcrossed with
C57BL/6 mice and maintained in this background. eR1-
CreERT2 and Rosa-EYFP mice were crossed to generate
mice harboring both eR1-CreERT2 and Rosa-EYFP
(eR1-CreERT2:Rosa-EYFP mice). eR1-CreERT2 and Rosa-
tdTomato mice were crossed to generate eR1-
CreERT2:Rosa-tdTomato mice. eR1-CreERT2 and K-rasG12D
mice were crossed to generate eR1-CreERT2:K-rasG12D mice.
eR1-CreERT2:Rosa-tdTomato and K-rasG12D mice were
crossed to generate eR1-CreERT2:K-rasG12D:Rosa-tdTomato
mice.
Induction of Damage to Corpus Tissue
To induce damage in the stomach, 6 mg tamoxifen (Sigma-
Aldrich, St Louis, MO) dissolved in sunﬂower oil (Sigma-
Aldrich) was injected into 3- to 4-week-old eR1-EGFP mice,
which were analyzed 3 days and 1 week after injection.2
Human Clinical Tissues
Primary healthy stomach tissues and clinical informa-
tion were collected with patient consent in the GASCADII
(Gastric Cancer Biomarker Discovery II) study, which was
conducted at National University Hospital and was
approved by the National Healthcare Group Domain Speciﬁc
Review Board (ref. no. 2005/00440). Gastritis tissues were
collected with patient consent from the National University
Hospital tissue repositories or pathology archives and with
the approval of the respective Institutional Research Ethics
Review Committees in accordance with local regulations
and legislations.3 Clinical information was collected with the
approval of the Institutional Review Board.
Immunoﬂuorescent Staining
Cryosections (5-mm-thick) were generated according to a
general protocol.4 For parafﬁn sections, small intestine was
washed with phosphate-buffered saline (PBS) containing 10%
fetal calf serum and ﬁxed in PBS containing 4% para-
formaldehyde. Parafﬁn sections (5-mm-thick) were generated
from parafﬁn-embedded specimens according to a conventional
method. Cell morphology was determined by H&E staining
(Merck Millipore, Billerica, MA). Antibodies used for immuno-
ﬂuorescent staining of sectioned tissues are described in the next
section. YFP expression was visualized using an anti-GFP anti-
body (MBL, Woburn, MA), and tdTomato expression was
detected by endogenous ﬂuorescence. Stained tissues were
visualized using an Eclipse Ti (Nikon) or Axio Observer (Zeiss)
microscope.
Antibodies for Immunoﬂuorescent Staining
Parafﬁn and frozen tissue sections were stained with the
following primary antibodies: anti-Runx1 (Abcam, Cam-
bridge, MA, 1:200), antiE-cadherin (Abcam, 1:500),
antiE-cadherin Alexa488/555/647-conjugated (Invi-
trogen, Carlsbad, CA, 1:200), anti-CD45 (eBioscience, San
Diego, CA, 1:500), GS-II lectin (Invitrogen, 1:2000), anti-
Muc5ac (Santa Cruz Biotechnology, Santa Cruz, CA, 1:200),
anti-GFP (MBL, 1:1000), anti-GFP (Nacalai Tesque, 1:500),
anti-Ki67 (Abcam, 1:200), anti-Ki67 (DAKO, Carpinteria, CA,
1:200), anti-Pepsinogen II (Abcam, 1:200), antiHK-ATPase
(MBL, 1:1000), antiphospho-Erk (p-Erk) (Cell Signaling
Technologies, Danvers, MA, 1:500), anti-CD44 (BioLegend,
San Diego, CA, 1:500), anti-gastrin (DAKO, 1:200), anti-
Muc2 (Santa Cruz Biotechnology, 1:500), anti-Cdx1 (Novus
Biologicals, Littleton, CO, 1:200), anti-Cdx2 (Novus Bi-
ologicals, 1:200), anti-Cleaved-caspase3 (Cell Signaling
Technologies, 1:200), anti-Hmgb1 (Abcam, 1:200), and anti-
LC3 (Novus Biologicals, 1:200). Protein blocking and anti-
body dilution were used following of each reagents: 5 %
skim milk (Fluka Analytical), 2 % Donkey serum (Sigma-
Aldrich), 3% bovine serum albumin (Sigma-Aldrich) and
DAKO protein block (DAKO).
Immunohistochemistry
Immunohistochemistry was performed as described
previously.3 Anti-MUC5AC (Leica Biosystems, Wetzlar,
Germany), anti-MUC6 (Leica Biosystems), anti-GASTRIN
(DAKO), and anti-CDX2 (Cell Marque, Rocklin, CA) anti-
bodies were used. These antibodies were detected using a
peroxidase-labeled streptavidin-biotin system (DAKO) with
3,3-diaminobenzidine (DAKO) according to the manufac-
turer’s instructions. Nuclei were stained with 40,6-dia-
midino-2-phenylindole (Sigma). Stained tissues were
counterstained with hematoxylin and visualized using an
Olympus-IX71 microscope (Olympus, Tokyo, Japan).
In Situ Hybridization
An anti-sense probe against 15232028 bp of the Runx1
sequence (NM_001111021.1) was developed following the
guidance of Genostaff (Tokyo, Japan). Parafﬁn-embedded
sections of mouse tissues were obtained from Genostaff.
De-waxed tissue sections were treated with 8 mg/mL Pro-
tease K, 0.2 N HCl, 0.1 M tri-ethanolamine-HCl, 0.25% acetic
anhydride, and ethanol. Hybridization was performed with
300 ng/mL probes prepared in Probe Diluent (Genostaff) at
60C for 16 hours. Thereafter, sections were washed in
HybriWash (Genostaff) and 50% formamide, treated with
RNase, and washed with HybriWash and TBST (0.1% Tween
20 prepared in Tris-buffered saline). After treatment with 1
G-Block (Genostaff), sections were incubated with an anti-
digoxigenin antibody conjugated with alkaline phosphatase
(Roche, Indianapolis, IN) diluted 1:2000 with 50
G-Block (Genostaff) prepared in TBST for 1 hour at room
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temperature. Sections were washed with TBST and incubated
in 100 mM NaCl, 50 mM MgCl2, 0.1% Tween 20, 100 mM
Tris-HCl (pH 9.5). Coloring reactions were performed over-
night with NBT/BCIP solution (Sigma-Aldrich). Sections were
counterstained with Kernechtrot stain solution (Muto Pure
Chemicals, Tokyo, Japan).
Alcian Blue Staining
De-waxed tissue sections were soak in 3% acetic acid for
5 minutes and stained with 1% Alcian blue prepared in 3%
acetic acid (pH 2.5) for 2 hours. Thereafter, tissue sections
were washed with running water for 10 minutes and then
with distilled water for 5 minutes. Nuclear Fast Red was
used to stain nuclei.
Gastric Gland Isolation and Organoid Culture
eR1-CreERT2:Rosa-tdTom mice were injected with 2 mg
of tamoxifen. At 24 hours after injection, mice were
euthanized and the stomach was harvested. The stomach
was opened up longitudinally along the greater curvature
and washed with cold PBS. The opened stomach pinned on
a silicon board was placed in a dish ﬁlled with ice-cold PBS.
The fundic mucosa was scraped off using a surgical scalpel
(blade no. 10). The tissue was chopped into approximately
5 mm2 pieces and incubated for 2 hours on ice in Dulbec-
co’s PBS (Thermo Fisher Scientiﬁc, Logan, UT) containing 5
mM EDTA. The gastric units were released by vigorous
shaking in cold dissociation buffer, which consisted of 54.8
mM D-sorbitol and 44 mM sucrose prepared in Dulbecco’s
PBS.5 Gland fractions were centrifuged at 150 g for 5 mi-
nutes at 4C and washed with Dulbecco’s PBS, and then the
supernatant was removed. They were then washed again
with 5 mL advanced Dulbecco’s modiﬁed Eagle’s medium/
F12 and centrifuged at 150 g for 5 minutes at 4C. The
supernatant was then removed. For single-cell isolation,
isolated glands were treated with TripLE Express (Life
Technologies, Carlsbad, CA) supplemented with 5 mg/mL
DNAse I (Sigma-Aldrich) and 10 mM Y27632 (Sigma-
Aldrich) for 10 minutes at 37C. The cells were resus-
pended in Minigut medium (advanced Dulbecco’s modiﬁed
Eagle’s medium/F12 (Thermo Fisher Scientiﬁc) supple-
mented with 10 mM HEPES (Thermo Fisher Scientiﬁc),
GlutaMAX (Thermo Fisher Scientiﬁc), penicillin/strepto-
mycin (Thermo Fisher Scientiﬁc), N2 (Thermo Fisher
Scientiﬁc), B27 (Thermo Fisher Scientiﬁc), 1 mM
N-acetylcysteine (Sigma-Aldrich), and 1% bovine serum
albumin), passed through a 40-mm cell strainer (BD
Bioscience), and then washed with Dulbecco’s modiﬁed
Eagle’s medium/F12.
Gastric Gland and Single-cell Organoid Culture
After counting the number of isolated glands or single
cells, 200 glands/well or 500 cells/well were embedded in
Matrigel (BD Bioscience, San Jose, CA) containing 100 ng/mL
Noggin (R&D Systems, Minneapolis, MN), 50 ng/mL
epidermal growth factor (Sigma-Aldrich), 100 ng/mL
ﬁbroblast growth factor 10 (Peprotech, Rocky Hill, NJ), 10 nM
gastrin I (Sigma-Aldrich), 10 mM Y27632, and 1 mM
N-acetylcysteine with 100 ng/mL R-spondin 1 (R&D Sys-
tems) and 100ng/mLWnt3a (R&DSystems) (WENR) orwith
1 mM Jagged 1 (R&D Systems) (ENJ). After polymerization of
Matrigel, Minigut medium was overlaid. Medium containing
growth factors was changed every 3 days. Images of gastric
organoids were acquired using a ﬂuorescence microscope
(Nikon, ECLIPSE TS100, INTENSILIGHT C-HGFI).
Fluorescence-Activated Cell Sorting
of eR1þ Cells
Freshly isolated single gastric epithelial cells were sor-
ted into eR1-negative (eR1neg) and eR1-highly expressing
(eR1high) populations. Viable epithelial cells were gated by
forward scatter, side scatter, and SYTOX blue (Thermo
Fisher Scientiﬁc) negative staining. Sorted cells were
collected and counted. In total, 100500 cells were
embedded in Matrigel containing the WENR growth factors,
followed by seeding in a 24-well plate. After polymerization
of Matrigel, Minigut medium was overlaid.
Processing for Parafﬁn-Embedded Section
of Organoids
Preparation of parafﬁn-embedded section was per-
formed using previously described procedure as a refer-
ence.6 Brieﬂy, organoids were cultured in 8-well
detachable chamber slides. Before harvesting the orga-
noids, cryomold (intermediate mold 15 mm  15 mm  5
mm, Tissue-Tek, Sakura Finet) were coated with 300 mL
warmed Hisotgel (Thermo Sientiﬁc). The medium was
removed and the plastic chamber was detached from the
glass slide. Matrigel block containing organoids were
scraped off the slide with a clean razor blade and trans-
ferred onto the Histgel precoated cryomold. Another 300
mL warm Histogel was added on top of the Matrigel. The
mold was immediately transferred to ice and allowed to
solidify for 10 minutes. Matrigel-Histgel complex were
them out into processing pathology cassettes (Histosette
I, Simport) and ﬁxed in 4% paraformaldehyde. The
following steps were the same as sample processing for IF
staining of mice tissue.
Whole Mount Staining of Organoids
Whole mount staining of organoids was performed as
described previously.5 Brieﬂy, organoids were ﬁxed with
4% paraformaldehyde for 30 minutes followed by treat-
ment with 50 mM NH4Cl for 30 minutes. Permeabilization
was performed with 0.5% Triton X-100 for 30 minutes,
and then blocking was performed with 5% bovine serum
albumin for 1 hour. Thereafter, organoids were incubated
with primary antibodies overnight at 4C and then with
the secondary antibody overnight at 4C. The primary and
secondary antibodies were used at the same concentra-
tion as described in section on antibodies for IF staining.
Images were acquired with a confocal microscope.
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Supplementary Figure 1. Ki67-expressing cells in corpus epithelium and Runx1 expression in the antrum. (A) Illustration for
anatomical location of various parts of corpus gastric unit (GU). (B) Immunoﬂuorescent (IF) staining of Runx1 and Ki67 in the
corpus of wild-type (WT) mouse. Most of Ki67þ cells also expressed Runx1.Middle and right panels are higher magniﬁcation of
the boxed areas in the left panel. (CF) Corpus of gastric epithelium of WT mouse was stained with Ki67 together with Muc5ac,
GS-II, HK-ATPase, or Pepsinogen C. Muc5acþ cells located at lower part (C) and those located at upper part of GS-IIþ cells (D)
overlap with Ki67 signals. Co-expression of Ki67 and HK-ATPase were rarely detected (E). A minor population of Pepsinogen
Cþ cells expresses Ki67 at the bottom of the gastric unit (F). Right panels are higher magniﬁcation of the boxed areas in the left
panel. (G) Fractions of Ki67þ cells that express Runx1, Muc5ac, GS-II, HK-ATPase, and Pepsinogen C within the gastric unit
are shown. More than 500 cells from 4 separate specimens were counted per marker. (H) IF staining of Runx1 and E-cadherin
of the antrum of WT mice detects co-expression of Runx1 and E-cadherin the pyloric gland. Stronger staining of Runx1 is
observed at lower part of the gland. Middle and right panels show higher magniﬁcation boxed regions in the left panel. (I) IF
staining of Runx1 and GFP (Lgr5-GFP) in the antrum of mouse conditionally knocked out Runx1 (Runx1cKO) by Lgr5-GFP-
CreERT2 (Ctr). Control (Ctr) mouse shows Runx1 expression in the Lgr5-GFPþ pyloric gland, which is enclosed by the dashed
line (left), whereas Runx1cKO mouse treated with tamoxifen did not (right). Scale bar ¼ 100 mm.
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Supplementary Figure 2. eR1-GFPþ cells among corpus epithelial cells. (A) Number of EGFPþ or EGFP- gastric units in
corpus epithelium. More than 100 of gastric units were counted. (B) Immunoﬂuorescent (IF) staining of EGFP (eR1-EGFP)
and CD45 in the corpus of eR1-EGFP mouse. EGFP and CD45 staining do not overlap. (C) Distribution of eR1-EGFPþ
cells in the corpus gastric epithelium. The GS-IIþ region was deﬁned as the neck, and the upper and lower regions were
deﬁned as the isthmus/pit and base, respectively. More than 700 EGFPþ/E-cadherinþ cells in four eR1-EGFP mice were
counted. (D, E) Two examples of IF staining of EGFP (eR1-EGFP), Ki67 and E-cadherin in the corpus of eR1-EGFP
mouse. Panels show colocalization of EGFP and Ki67 labeling (arrows). (F) Distribution of Ki67þ/eR1-EGFPþ cells in
the corpus gastric unit. The Ki67þ region was deﬁned as the isthmus, and the above and below regions are deﬁned as
the pit and neck/base, respectively (see also Figure 2C). Four hundred EGFPþ and E-cadherinþ cells in 3 eR1-EGFP mice
were counted. (G) IF staining of EGFP (eR1-EGFP) and Runx1 in the corpus of eR1-EGFP mouse. The eR1-EGFP and
Runx1 are co-expressed in the gastric epithelium (arrow). The eR1-EGFP is also observed in Runx1- cells (arrowhead). The
middle panels are higher magniﬁcation images of the boxed areas in the left panel. (H) IF staining of EGFP (eR1-EGFP)
and Pepsinogen C in the corpus of eR1-EGFP mouse. EGFPþ epithelial cells were also observed in the bottom of gastric
units, and they expressed pepsinogen C (arrow). Scale bar ¼ 100 mm.
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Supplementary Figure 3. Tissuedamage responseof eR1-GFPþ cells. (A) Immunoﬂuorescent (IF) stainingofHK-ATPaseandGS-II
to demonstrate tamoxifen-induced damage of the corpus in eR1-EGFP mice. The number of HK-ATPaseþ parietal cells decreased
andGS-IIþ cellsweredetectednear thebottomofgastric units at 3daysand1weekafter tamoxifen treatment (6mg) (middle and right
panels). (BE) IF staining of EGFP (eR1-EGFP) and E-cadherin in the corpus of eR1-EGFP mice injected with 6 mg tamoxifen.
Comparedwith the number of EGFPþ cells 3 days after injection (3d) (B), the number of EGFPþ cells weremarkedly increased 7 days
after injection (7d) (C) in the upper parts of the gastric units. Under the same conditions, similar increase of EGFPþ cellswas observed
at the bottom part of the gland unit (D, E). Right panels show higher magniﬁcation images of the boxed areas in the left panels. (F)
Population of eR1-EGFPþ cells per gastric unit. The number of EGFPþ cells per gastric unit was counted. In total,>100 gastric units
were examined in each 3 or 7 days tamoxifen-treated (TMXþ) and nontreated (TMX) mouse. Scale bar ¼ 100 mm.
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Supplementary Figure 4. Lineage tracing induced by low-toxic level of tamoxifen. (A) Outline of lineage tracing experiments
using transgenic (Tg) mouse line 5-2, eR1-CreERT2(5-2);Rosa-tdTomato. 2 or 4 mg tamoxifen was injected into 6-week-old
mice. Mice were analyzed at indicated time post injection. (BC) Immunoﬂuorescent (IF) staining of E-cadherin in the corpus of
eR1-CreERT2(5-2):Rosa-tdTomato mice with 1 day and 6 month post tamoxifen injection (2 mg). A few single tdTomatoþ cells
are observed in upper part of corpus gastric epithelium (B, arrow), and tdTomato signals were observed many gastric unit (C).
Scale bar ¼ 100 mm.
Supplementary Figure 5. Organoid formation from eR1þ cells. (A) The eR1þ/tdTomatoþ cells from eR1-CreERT2(5-2);Rosa-
LSL-tdTomato mice, 1 day post tamoxifen injection, were isolated by ﬂuorescence-activated cell sorting for the analysis of
organoid generation rate. Top 1% of EGFP-expressing cells were sorted. (B) Rate of organoid generation in WENR and ENJ
culture conditions. A total of 500 cells from gastric units were plated, and tdTomatoþ organoids were counted at day 7 of
culture. The organoid generation rate did not statistically differ between the WENR and ENJ culture conditions. *P ¼ .34.
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Supplementary Figure 6. K-rasG12D-induced foveolar hyperplasia and antralization in corpus epithelium. (A) Outline of lineage
tracing experiments using eR1-CreERT2(3-17);K-rasG12D;Rosa-tdTomato mouse. 4 or 6 mg tamoxifen was intraperitoneally
injected into 3-week-old mice. Mice were analyzed at 2 months post injection. (B, C) Immunoﬂuorescent (IF) staining of CD45
and E-cadherin of the stomach epithelium of eR1-CreERT2(3-17):K-rasG12D (eR1-KrasG12D) mouse. CD45þ cells are attracted
near the bottom of the metaplastic lesion (B, bracket). (D, E) IF staining of phosphorylated Erk (p-Erk), Ki67, Muc5ac, and GS-II
of the corpus of eR1-KrasG12D mice. The K-rasG12D-induced metaplasia are p-Erkþ and Ki67þ (D). The metaplasia express
Muc5acþ and the bottom is stained by GS-II (E). (F) Alcian blue staining of the antrum of wild-type (WT) mouse (left) and the
corpus of eR1-KrasG12D mouse (right). Nuclei were stained with Nuclear Fast Red. Near the bottom of the metaplastic lesions
are stained by Alcian blue. (GI) IF staining of Muc2, Cdx1, and Cdx2 in the corpus of eR1-K-rasG12D mouse. Intestinal goblet
cell marker Muc2 were detected in intestine of WT mice (G, left panel) and the corpus of eR1-KrasG12D mouse (G, right panel).
Intestinal epithelial cell marker Cdx1 and Cdx2 (H and I, left panel) were not detected in the corpus of eR1-Kras mouse (H and I,
right panel). (J) IF staining of Pepsinogen C and GS-II in the corpus of eR1-CreERT2(3-17);K-rasG12D;Rosa-tdTomato mouse 2
months after tamoxifen injection. Scale bar ¼ 100 mm.
231.e11 Matsuo et al Gastroenterology Vol. 152, No. 1
Supplementary Figure 7. Further characterisation of K-rasG12D induced metaplasia. (A, B) Immunoﬂuorescent (IF) staining of
HK-ATPase with cleaved-caspase3 in eR1-K-rasG12D mouse. Cleaved-caspase3 was detected in the parietal cells present
within the KrasG12D induced metaplastic lesion (A and B, arrow). (C, D) IF staining of HK-ATPase together with Hmgb1 and
CD44 in eR1-K-rasG12D mouse. Expression of Hmgb1 in parietal cells were localized in nucleus. Necrotic parietal cells, which
have cytoplasmic Hmgb1 expression, are rarely detected (C). Some parietal cells that appear to be expelled from CD44þ
metaplastic lesion are observed (D, also in C). Right panels are higher magniﬁcation of the boxed areas in the left panel. (E) IF
staining of LC3 and CD44 in eR1-K-rasG12D mouse. Right panels are higher magniﬁcation images of the boxed areas in the left
panel. (F, G) IF staining of Runx1, CD44, and Ki67 in the corpus of eR1-KrasG12D mouse. Runx1 was expressed in K-rasG12D-
induced lesion especially strongly near the bottom where Ki67 is also expressed (F). CD44 is expressed highly at the isthmus
of metaplastic legion where Runx1 is also highly expressed (G).
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Supplementary Figure 8. Characterization of Helicobacter pyloriassociated metaplasia in human stomach. (A, B) Immu-
noﬂuorescent (IF) staining of RUNX1 and E-cadherin in healthy human corpus and antrum. RUNX1 was detected in E-
cadherinþ epithelial cells in the corpus (A) and the antrum (B). Right panels show higher magniﬁcation the boxed areas in the
left panel. (C) H&E staining of the healthy human antrum and the corpus of a patient with H pyloriassociated gastritis (H pylori
gastritis). Higher magniﬁcation of the boxed areas are shown in the extreme left panels in (D). (D) H&E staining and immu-
nohistochemical staining for MUC5AC, MUC6, GASTRIN, and CDX2 in the healthy human antrum and the corpus of a patient
with H pyloriassociated gastritis. Similar to healthy antrum, MUC6 was detected at the bottom of gastritis lesions and
MUC5aC was detected above MUC6. Unlike healthy antrum, GASTRIN was not observed in gastritis lesions. The arrows
indicate the lesions exhibited CDX2þ intestinal metaplasia, whereas CDX2 was not detected in healthy antrum. The dashed line
shows the bottom of the epithelium. Scale bar ¼ 100 mm.
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Supplementary Figure 9.Organoids generated from eR1þ cells in antrum. (A) Tamoxifen (2 mg) was injected to eR1-CreERT2
(52):Rosa-tdTomato mice for 1 day and tdTomatoþ were isolated. eR1þ cell derived organoids generated in vitro on days 1,
3, and 7 with the culture conditions of WENR are shown.
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